Progressive supranuclear palsy syndrome (PSP-S) results from neurodegeneration within a network of brainstem, subcortical, frontal and parietal cortical brain regions. It is unclear how network dysfunction progresses and relates to longitudinal atrophy and clinical decline. In this study, we evaluated patients with PSP-S (n = 12) and healthy control subjects (n = 20) at baseline and 6 months later. Subjects underwent structural MRI and taskfree functional MRI (tf-fMRI) scans and clinical evaluations at both time points. At baseline, voxel based morphometry (VBM) revealed that patients with mild-to-moderate clinical symptoms showed structural atrophy in subcortex and brainstem, prefrontal cortex (PFC; supplementary motor area, paracingulate, dorsal and ventral medial PFC), and parietal cortex (precuneus). Tf-fMRI functional connectivity (FC) was examined in a rostral midbrain tegmentum (rMT)-anchored intrinsic connectivity network that is compromised in PSP-S. In healthy controls, this network contained a medial parietal module, a prefrontal-paralimbic module, and a subcorticalbrainstem module. Baseline FC deficits in PSP-S were most severe in rMT network integrative hubs in the prefrontal-paralimbic and subcortical-brainstem modules. Longitudinally, patients with PSP-S had declining intermodular FC between the subcortical-brainstem and parietal modules, while progressive atrophy was observed in subcortical-brainstem regions (midbrain, pallidum) and posterior frontal (perirolandic) cortex. This suggested that later-stage subcortical-posterior cortical change may follow an earlier-stage subcortical-anterior cortical disease process. Clinically, patients with more severe baseline impairment showed greater subsequent prefrontal-parietal cortical FC declines and posterior frontal atrophy rates, while patients with more rapid longitudinal clinical decline showed coupled prefrontal-paralimbic FC decline. VBM and FC can augment disease monitoring in PSP-S by tracking the disease through stages while detecting changes that accompany heterogeneous clinical progression.
Introduction
Patients with progressive supranuclear palsy syndrome (PSP-S) exhibit gait disturbance with early falls, axial rigidity, and supranuclear gaze palsy (Steele et al., 1964) , accompanied by executive dysfunction and bradyphrenia (Bak et al., 2005; Bruns and Josephs, 2013; Burrell et al., 2014; Dubois et al., 1988; Pillon et al., 1995) . Structural MRI reveals prominent atrophy involving the dorsal midbrain and superior cerebellar peduncle, often extending to the thalamus, basal ganglia, frontal operculum, dorsal insula, supplementary motor areas, and the dorsolateral prefrontal cortex (Boxer et al., 2006; Ghosh et al., 2012; Shang et al., 2014; Whitwell et al., 2011) . Intrinsic functional connectivity (FC) reductions appear in a network anchored by the rostral midbrain tegmentum (rMT), an area of peak atrophy in PSP-S (Boxer et al., 2006; Gardner et al., 2013; Whitwell et al., 2011) . Many rMT network regions, which include the pons, cerebellum, midbrain, thalamus, basal ganglia, insula, frontal, and parietal cortex, show FC deficits in the absence of atrophy, suggesting that tissue dysfunction may precede measurable neuronal and synaptic volume loss (Gardner et al., 2013) .
At autopsy, most patients with PSP syndrome show progressive supranculear palsy (PSP) histopathology, a four-repeat tauopathy (Litvan et al., 1996; Steele et al., 1964) . Patients with more advanced clinical PSP-S show more widespread tau aggregation (Williams et al., 2007) . Williams and colleagues proposed a staging system for PSP in which tau aggregates are confined to the subthalamic nucleus, pallidum, and substantia nigra at stage 1, the posterior frontal cortex and cerebellar dentate nucleus at stage 2, and the parietal lobe at stage 3. While staging patients based on postmortem tau aggregation gives the impression of progressive disease spread, it cannot by its nature determine whether individuals follow this sequence during life. If the disease advances through consistent stages, patients with intermediate levels of clinical impairmentthose most likely to be enrolled in a study and capable of receiving structural and functional MRI scansmight be expected to show greatest baseline atrophy and functional dysconnectivity in "stage 1" regions and the greatest subsequent longitudinal decline in "stage 2" and "stage 3" regions.
Clinical deficits in PSP-S can be assessed using the PSP rating scale (PSPRS), which measures symptom severity for daily activities, behavior, and function in the bulbar, oculomotor, limb motor, and gait/ midline domains (Golbe and Ohman-Strickland, 2007) . Patients progress an average of 10 points per year (Golbe, 2014) , and a worsening PSPRS correlates with progressive atrophy in the frontal lobe and midbrain . Progressive atrophy further involves the midbrain, pons, superior cerebellar peduncle, frontal/parietal/ temporal cortex, thalamus, caudate, and pallidum ) (Paviour et al., 2006) (Dutt et al., 2016) . Based on structural MRI measures, such as the rate of midbrain atrophy over 12 months, power analyses have estimated that 77 subjects would be required to detect a 25% treatment effect with 90% power, versus 152 subjects for PSPRS (Dutt et al., 2016) . In the current study, we aimed to assess and compare task-free fMRI (tf-fMRI) and structural MRI as biomarkers of PSP-S progression in patients with mild to moderate clinical disease severity.
When considering disease progression biomarkers, it is critical to establish goals for the biomarker, including how it relates to clinical progression and how it would be used in a clinical trial. In this study, we evaluated four biomarker-to-clinical relationship categories: 1) biomarker change that predicts subsequent clinical change, 2) biomarker change synchronized with clinical change, 3) biomarker change that is dependent on the level of baseline clinical severity, and 4) biomarker change that occurs independent of clinical progression. We examined the relative rates of tf-fMRI, structural MRI, and PSPRS change over 6 months in patients with PSP-S and healthy controls to assess the potential of functional and structural neuroimaging as biomarkers for PSP-S. This study addressed one primary hypothesis and one open question. We hypothesized that longitudinal FC declines and atrophy would roughly follow a stage-wise progression from subcortical to frontal and eventually to parietal areas. We assessed the open question of whether FC baseline deficits in PSP-S vulnerable brain regions would precede subsequent clinical decline.
Material and methods

Subjects
Subjects were evaluated at the University of California, San Francisco (UCSF) Memory and Aging Center. All subjects or their surrogates provided informed consent according to the Declaration of Helsinki and the procedures were approach by the Institutional Review Board at UCSF. Twelve patients with PSP-S were included, having met the following inclusion criteria: (1) a research diagnosis of possible or probable PSP syndrome, based on the Litvan criteria (Litvan et al., 1996) . 7 subjects had a diagnosis of PSP-Probable and 5 had a diagnosis of PSP-Possible. In all patients with a PSP-Possible diagnosis, there was either vertical gaze palsy or slowing of vertical saccades and postural instability with falls in the first year since disease onset, along with axial rigidity, indicative of PSP-Richardson's syndrome, and in none of the 12 patients was there responsiveness to levodopa, asymmetric parkinsonian signs, or tremor that would be indicative of PSP Parkinsonism (Williams et al., 2005) ; (2) no significant history of other neurological diseases or structural brain abnormalities inconsistent with PSP, (3) baseline and follow-up fMRI scans with acceptable levels of head motion (see Methods) within 180 ± 30 days of one another. We ensured that all tf-fMRI scans had head motion < 3 mm of maximum relative translation, 3°of maximum relative rotation, and fewer than than 10% of frames with 1 mm motion "spikes". A subset of 4 patients had autopsy data and all showed a primary pathological diagnosis of PSP. Six subjects were taking dopaminergic medications, four of whom were also receiving anti-depressants (SSRI or tricyclic). Subject medications remained unchanged during the study interval. Patients underwent a full baseline clinical evaluation including a history, a general neurological examination, Mini-Mental State Exam (MMSE) testing, and Clinical Dementia Rating (CDR). Subjects were rated on the PSPRS at both time points (Golbe and Ohman-Strickland, 2007) and received a battery of bedside neuropsychological tests at baseline (Table 1) (Rosen et al., 2002) .
Twenty age-and sex-matched healthy control (HC) subjects were included in the study and met the same criteria as the patients for interscan interval and tf-fMRI motion levels. The 20 controls had a CDR score of 0 at both time points, a MMSE score of 27 or higher, and no significant history of neurological disease or gross structural brain abnormalities. All subjects received the same battery of bedside neuropsychological tests.
The University of California San Francisco Committee on Human Research approved the study. Participants provided informed consent prior to participation. 
Neuroimaging
All subjects were scanned at the UCSF Neuroscience Imaging Center on a Siemens Trio 3T scanner. A T1-weighted MP-RAGE structural scan was acquired with an acquisition time = 8 min 53 s, sagittal orientation, a field of view of 160 × 240 × 256 mm with an isotropic voxel resolution of 1 mm 3 , TR = 2300 ms, TE = 2.98 ms, TI = 900 ms, flip angle = 9°. Task-free T2*-weighted echoplanar fMRI scans were acquired with an acquisition time = 8 min 06 s, axial orientation with interleaved ordering, field of view = 230 × 230 × 129 mm, matrix size = 92 × 92, effective voxel resolution = 2.5 × 2.5 × 3.0 mm, TR = 2000 ms, TE = 27 ms, for a total of 240 volumes.
Structural MRI processing
MP-RAGE scans for both timepoints for a given subject were registered to one another using the symmetric diffeomorphic registration incorporated in the serial longitudinal anatomical MRI package in SPM12 (Ashburner and Ridgway, 2012) . This procedure is optimized for longitudinal analysis by correcting for intensity inhomogeneities and creating an average T1 image for each subject, avoiding asymmetric bias that can result from using a particular timepoint (e.g. the baseline image) as the reference image. Default parameters were used for warping regularization and bias regularization. Jacobian determinant and divergence maps were produced that represent the amount of longitudinal brain contraction and expansion. We then applied unified segmentation to the average T1 images (Ashburner and Friston, 2005) with light regularization, a 60 mm bias FWHM cutoff, and Gaussians per tissue type of [2, 2, 2, 3, 4, 2] . Gray and white tissue segments smoothed with an 8 mm FWHM Gaussian kernel, then multiplied by the divergence deformation maps and scaled by each subject's interscan interval in order to quantify local volume tissue changes over the longitudinal duration of the study. These images were deformed to the standard SPM tissue probability maps using DARTEL with linear elastic regularization and default parameters for the number of inner iterations, regularization parameters, and time steps.
Baseline structural MRI differences were assessed by comparing gray or white matter smoothed, modulated tissue maps using a twosample t-test with covariates for age, sex, and total intracranial volume. Both gray and white matter voxelwise maps were thresholded at two levels of stringency: a liberal level at a height threshold of p < 0.001 and an extent threshold of p < 0.05, family-wise error (FWE) corrected; and a conservative level, with a correction for a joint height/ extent threshold of p < 0.05, FWE corrected.
Longitudinal structural MRI differences were determined in the same fashion, performing a two-sample t-test on the longitudinal divergence maps multiplied by either the gray or white matter tissue map, with covariates for age, sex, interscan interval in days, and total intracranial volume. This statistical analysis of the change maps was chosen rather than a linear mixed effects model with multiple longitudinal measurements because the serial VBM pipeline performs a single tissue segmentation on the average image. This process is less variable than when performing independent segmentations on separate timepoint maps (Ridgway et al., 2015) . Longitudinal structural MRI correlations with PSPRS were assessed using a multiple regression with VBM change maps as the independent variable, PSPRS baseline and PSPRS change as the dependent variables, and covariates for age, sex, interscan interval, and total intracranial volume. An interaction term for PSPRS baseline x PSPRS change was considered but was not significant so was removed from the model. The resultant statistical maps were thresholded at a height threshold of p < 0.001 and an extent of p < 0.05, FWE corrected. Longitudinal atrophy-clinical correlation maps were also corrected with a height threshold of p < 0.001 and an extent of p < 0.05, FWE corrected. No clusters survived thresholding at the most conservative joint height/extent of p < 0.05, FWE-corrected level.
Functional MRI processing
For each fMRI scan, the first five volumes were discarded. SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and FSL (where explicitly specified; http://fsl.fmrib.ox.ac.uk/fsl) software was used for subsequent fMRI preprocessing. The remaining 235 volumes were slicetime corrected, realigned to the mean functional image and assessed for rotational and translational head motion. Volumes were next co-registered to the MP-RAGE image, then normalized to the standard MNI-152 healthy adult brain template using SPM segment, producing MNI-registered volumes with 2 mm 3 isotropic resolution. These volumes were spatially smoothed with a 6 mm radius Gaussian kernel and temporally bandpass filtered in the 0.008-0.15 Hz frequency range using fslmaths. Nuisance parameters in the preprocessed data were estimated for the CSF using a mask in the central portion of the lateral ventricles and for the white matter using a mask of the highest probability cortical white matter as labeled in the FSL tissue prior mask. Additional nuisance parameters included the 3 translational and 3 rotational motion parameters, the temporal derivatives of the previous 8 terms (WM/CSF/6 motion), and the squares of the previous 16 terms ( Satterthwaite et al., 2013) . All subjects had maximum relative head motion < 3 mm, maximum relative rotation < 3°, and the maximum number of motion spikes (relative motion > 1 mm) < 10% of the total number of frames.
Two complementary approaches were taken for assessment of functional connectivity: a whole brain analysis of whole brain weighted degree, and a targeted analysis of a disease-targeted intrinsic connectivity network anchored in the rMT. To calculate whole brain weight degree maps, we first downsampled the preprocessed tf-fMRI volumes to 4mm 3 resolution in order to make the problem more computationally tractable. We masked the images to a custom gray matter mask compiled from thresholded regional probability maps from the Harvard-Oxford atlases (cortical, subcortical, brainstem) and the FSL FLIRT cerebellar atlas. The timeseries from each voxel was partially correlated with every other voxel in a pairwise fashion, controlling for the 32 nuisance parameters, to produce a 23,714 × 23,714 matrix. For each voxel, the unthresholded columnwise sum was taken to determine the whole brain weighted degree (referred to as WBD henceforth), which was then stored for that voxel in a three dimensional image.
Network connectivity in the rMT network was determined by taking regional masks for the 27 nodes comprising the rMT-anchored network, applying them to a given subject's preprocessed tf-fMRI data to extract regional mean timeseries, and partially correlating those timeseries in a pairwise fashion again controlling for the 32 nuisance parameters to obtain the 27 × 27 connectivity matrix. Each matrix was then r-to-Z transformed. To assess the healthy network graph theoretical properties, the mean connectivity matrix from both timepoints of all 20 HC subjects was taken and analyzed with the Brain Connectivity Toolbox (https://sites.google.com/site/bctnet/). We were interested in determining which subsets of nodes in this network were most tightly coupled with one another to form sub-networks or "modules", based on the expectation that these modules would correspond to particular intrinsic connectivity networks supporting different cognitive and behavioral functions (Power et al., 2011) . The modular structure of the network was determined by calculating the Louvain modularity on the unthresholded group matrix 1000 times and finding the partition that balanced the criteria of being among the most frequent solutions and maximizing the modularity value of Q, the quality of the partitioning (Rubinov and Sporns, 2011) . We labeled the winning partition as the fixed "community index" and performed all subsequent modularity analysis using this index. For each subject, for each node, we determined two related quantities: the intramodular connection strength, the mean connectivity of each node to every other node within its module; and the intermodular connection strength, the mean connectivity to the remaining extramodular nodes.
We compared the spatial overlap of the 27 rMT nodes with known intrinsic connectivity networks as defined by Yeo and colleagues (Yeo et al., 2011) . For each ROI, we found which of the 7 ICNs it had the greatest overlap with. The "Ventral Attention" network we refer to here as the salience network based on the significant similarity between them (Seeley et al., 2007) .
For all functional connectivity (FC) analyses, we determined baseline differences between PSP-S and HC using a two-sample t-test with covariates for age and sex. Longitudinal analyses were performed using linear mixed effects models. For voxelwise statistics on WBD maps, AFNI's 3dLME program was used (http://afni.nimh.nih.gov/pub/dist/ doc/program_help/3dLME.html) (Chen et al., 2013) . For nodewise and edgewise statistics from the rMT graph theory analysis, the 'fitlme' program in MATLAB was used (http://www.mathworks.com/help/ stats/fitlme.html). The linear mixed effects model used to determine different longitudinal FC change in PSP-S vs. HC included fixed effects for group, timepoint, group X timepoint interaction, age, sex, and interscan interval and a random intercept for subject identity. Prediction of imaging change based on baseline PSPRS was modeled as a linear regression with the (time 1time 2) imaging measure as the independent variable and baseline PSPRS, baseline age, and sex as the dependent variables. The model for determining FC change associated with clinical change included only PSP-S subjects and had fixed effects for PSPRS baseline score, PSPRS time 1 to time 2 change (or delta), the PSPRS baseline X delta interaction (representing change that is greater in patients with greater clinical impairment at baseline and greater clinical worsening from baseline to follow-up), age, sex, interscan interval, and a random effect for subject identity. This model was only assessed for PSP-S subjects because the bimodal distribution PSPRS scores in a group of patients (with high nonzero values) and controls (with all zero values) would prevent accurate linear fitting of PSPRS to FC values. WBD voxelwise maps were corrected for multiple comparisons using a height threshold of p < 0.01, uncorrected and an extent of p < 0.01, uncorrected. This relatively liberal threshold was used because we interpreted WBD secondarily to rMT network connectivity. WBD two group comparisons were also assessed after gray matter atrophy correction, using the subject's baseline smoothed/normalized/ normalized gray matter tissue maps as voxelwise covariates in the Biological Parametric Mapping toolbox (Casanova et al., 2007) . Statistical tests of rMT network FC measures were corrected for multiple comparisons using false discovery rate (FDR) correction at the module level (n = 6), node level (n = 27), or edge level (n = 351). To confirm that the between-group differences in node weighted degree at baseline were not an artifact of a relatively small sample size in a parametric test, we also tested between group differences using a permutation test. In this procedure we 1) took the raw value of weighted degree for a given node across all subjects, 2) covaried out the effect of age, sex, and global gray matter atrophy (see below), 3) found the true difference in means between PSP patients and controls, randomly shuffled the values, 4) found the pseudo difference in means between the two groups, 5) repeated the shuffling 5000 times, and 6) counted the percentage of trials in which the difference in pseudo means excluded the difference in true means. In order to justify the use of parametric mixed effect models, we tested the normality of the edgewise FC value distribution in both patients and controls using a Shapiro-Wilk test (Ghasemi and Zahediasl, 2012) . Both groups had normally distributed FC values after the r-to-Z transform (PSP-S: p = 0.90, HC: p = 0.59).
Statistical models of all rMT network measures were assessed both without and with global atrophy correction, where global atrophy for each subject was defined as the ratio of gray matter volume to total intracranial volume. There are a number of different strategies that can be used for atrophy correction, including 1) correction atrophy in the node/nodes under consideration, 2) using a landmark-based correction, such as midbrain volume, or 3) using a global atrophy correction. We opted for a global atrophy correction strategy because our patients showed significant brain-wide atrophy, and in order to make the correction comparable across all of our tests.
Network diagrams were rendered using NetworkX (https:// networkx.github.io/), bar plots and line plots were created with Seaborn (https://seaborn.pydata.org/), and brain overlay images were produced with Nilearn (http://nilearn.github.io/).
Results
Patients with PSP-S show variable rates of clinical progression
Patients were first assessed for clinical severity at baseline and follow up using the PSPRS to assess the degree of heterogeneity in clinical progression. At baseline, patients had mild to moderate PSPRS baseline scores (mean = 27.6 ± 10.6). Progression rates were variable (mean change = 6.3 ± 7.8).
3.2. The healthy rMT-anchored intrinsic connectivity network is modular and has hubs in the thalamus, basal ganglia, paracingulate and posterior midcingulate
We previously identified reductions in rMT-anchored ICN connectivity in PSP-S and correlated these reductions with disease severity (Gardner et al., 2013) . Here, we more deeply characterized the rMT ICN's modular composition to understand if the disease process preferentially targeted specific subnetworks or hub regions. Using the 27 nodes comprising the rMT network as defined previously, we estimated the group average rMT functional connectivity matrix from the healthy controls at time 1 in this study. We applied a modularity detection algorithm to this matrix and identified three modulesa medial posterior-parietal module, Module 1 (Fig. 1, blue regions) ; a prefrontalparalimbic module, Module 2 ( Fig. 1, red regions) ; and a subcorticalbrainstem module, Module 3 ( Fig. 1, green regions) . Hub nodes were identified based on the product of their intramodular and intermodular connectivity strength. The main hubs were the posterior midcingulate cortex (pMCC; Module 1), paracingulate (Module 2), and thalamus (Module 3) ( Fig. 1D, upper right) . The pMCC-thalamus connection was the primary interface between modules 1 and 3, while the paracingulate-basal ganglia connection linked modules 2 and 3. The main connector regions linking modules 1 and 2 were the pMCC, precuneus, paracingulate, anterior cingulate, and middle frontal gyrus.
We next compared the spatial correspondence between the 2 cortical modules and known cortical intrinsic connectivity networks defined by Yeo and colleagues (Yeo et al., 2011) . Module 1 nodes primarily belonged to the posterior aspect of the default mode network (retrosplenial cortex and posterior midcingulate) and dorsal attention network (precuneus) and module 2 nodes to the executive control network (middle frontal gyrus, paracingulate), salience network (insula, supramarginal gyrus), and anterior default mode network (pregenual anterior cingulate). Module 3 contained all subcortical, brainstem, and cerebellar nodes, regions that were not included in the comparison to the cortical-only networks from the Yeo study.
PSP-S baseline deficits are concentrated in hub regions of the rMTanchored ICN
At baseline, PSP-S patients demonstrated substantial atrophy and functional connectivity reductions compared to controls. Within the rMT network, mean FC strength was lower (t = 4.17, p = 0.0003 without atrophy correction/2.67, p = 0.01 with atrophy correction). Intermodular FC strength was significantly reduced (p < 0.05, FDR corrected without atrophy correction) for module 1-module 2 (t = 4.43 without AC/3.05 with AC) and module 2-module 3 (t = 3.88/2.66), while intra-module strength was reduced for modules 2 (t = 2.98/2.16) and 3 (t = 4.28/2.51) (Fig. 2) . All of these inter/intramodular connections were also significantly lower in patients with PSP-S using a non-parametric test (p < 0.05, FDR corrected). All of these reductions were tested for longitudinal consistency in a mixed effect model with terms for diagnosis (PSP-S or HC) and timepoint (baseline or follow-up). The main effect of diagnosis was significant (p < 0.013, FDR corrected) for module 1-2 (t = 4.52 without AC/3.23 with AC), 2-3 (t = 4.48/3.49), 2-2 (t = 3.31/2.55), and 3-3 (t = 4.43/3.10).
In line with the global reductions in rMT FC, 14 out of 27 nodes showed reduced weighted nodal degree at baseline (p < 0.05, FDR corrected without AC; * indicates FDR significance with AC). The most disconnected regions at baseline were the left basal ganglia (BG) (t = 5.04 without AC/3.39* with AC), left paracingulate (t = 4.86/ 3.86*), right middle frontal gyrus (MFG; t = 4.23/3.29*), left insula (t = 3.96/2.66*), left mesothalamic junction (MTJ; t = 3.86/2.17), right insula (t = 3.72/2.31), right MTJ (t = 3.68/1.80), left posterior midcingulate (pMCC; t = 3.65/2.01), left MFG (t = 3.60/2.79*), left precuneus (t = 3.55/2.48), right dentate nucleus (t = 3.53/2.10), right thalamus (t = 3.48/2.21), right BG (t = 3.47/2.30), and left thalamus (t = 3.44/2.24). All of these nodes also had significantly lower weighted degree in patients with PSP-S when tested with a non-parametric test (p < 0.05, FDR corrected). Furthermore, every one of these regions showed consistently lower weighted degree based on the longitudinal mixed effect model main effect of diagnosis (all p < 0.05, FDR corrected with or without AC).
The most severely reduced edge weights at baseline (FDR corrected p < 0.05) were left paracingulate-[right BG (t = 4.66 without AC/ 4.32 with AC)], left thalamus-[right thalamus (t = 5.23/4.43)], and left BG-[right thalamus (t = 4.54/3.50), left MTJ (t = 4.44/3.07), right dentate nucleus (t = 4.70/3.69)], all of which were consistently reduced longitudinally (all longitudinal mixed effect model main effects of diagnosis survived Bonferroni correction). In total, 33% of edges (117 out of 351; 10% with AC, 35/351) showed baseline deficits that were consistently lower longitudinally, consistent with the observed deficits in global, modular, and nodal FC.
To complement the targeted analysis of FC in the rMT network, we assessed brain-wide FC patterns in order to understand the focality of FC deficits in PSP-S. Regions with the most severe whole brain weighted degree reductions overlapped considerably with the rMT network, including the anterior and paracingulate cortex, the caudate head, retrosplenial cortex, midcingulate cortex, and middle frontal gyrus . Nodes are ordered according to module membership. C. Spring-embedded graph illustrates the modular connectivity of the network. D. Scatter plot of each node's withinmodule functional connectivity strength vs. its between-module functional connectivity strength. The nodes with the highest combination of intramodular and intermodular connectivity, the hubs, are located in the thalamus, paracingulate cortex, and posterior midcingulate cortex. The other major nodes with high intermodular connectivity, the connector hubs, are the basal ganglia (Module 3 to Module 2) and anterior cingulate cortex (Module 2 to Module 1). PreCu: precuneus, RSC: retrosplenial cortex, pMCC: posterior midcingulate cortex, MFG: middle frontal gyrus, paracing: paracingulate cortex, SMG: supramarginal gyrus, pACC: pregenual anterior cingulate cortex, Ins: insula, BG: basal ganglia, Thal: thalamus, MTJ: mesothalamic junction, rosPons: rostral pons, cauPons: caudal pons; DentN: dentate nucleus, Vermis: cerebellar vermis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) ( Fig. 3A; height p < 0.01/extent p < 0.01). We measured these FC reductions after correcting for gray matter atrophy in each voxel, which helps reveal where reduced FC is observed independent of structural alterations. After atrophy correction, the strongest reductions were largely confined to the same regions found in the non-atrophy-corrected map, with peaks in the right precuneus, insula, inferior frontal gyrus, and middle frontal gyrus (Table S1 ).
Structural MRI revealed widespread atrophy in gray and white matter ( Fig. 3B ; two levels of correction: height p < 0.05 FWE/extent p < 0.05 FWE and height p < 0.001/extent p < 0.05 FWE; Table  S2 ). Lower gray matter volume was found in the supplementary motor area (SMA), paracingulate, precuneus, dorsal and ventral medial prefrontal cortex. White matter atrophy was detected in the mesothalamic junction, inferior frontal-occipital fasciculus, and corona radiata.
PSP-S longitudinal declines follow a midbrain-to-posterior cortical trajectory
Longitudinal declines in rMT network connectivity were assessed in two ways: 1) in a patients-only models, to determine if declines are large enough to be a reliable outcome measure in a clinical trial, and 2) with patients and controls in a combined group model, to validate the Fig. 2 . Intra and intermodular mean functional connectivity strengths at baseline and follow-up for PSP-S patients and healthy controls. Significant baseline reductions in PSP-S patients with respect to controls (*, p < 0.0083) were detected for module 1 to module 2, intra-module 2, module 2 to module 3, and intra-module 3. A significant longitudinal decline in PSP-S patients was found for module 1 to module 3. Fig. 3 . Baseline differences in whole brain functional connectivity and tissue volume. A. Whole brain weighted degree deficits in PSP-S with respect to healthy controls, shown with and without correction for voxelwise gray matter volume (green and blue, respectively). The strongest reductions were found in the right inferior frontal gyrus, insula, middle frontal gyurs, precuneus, and caudate. Voxels that showed reduction after atrophy correction (AC; green) were nearly a perfect subset of voxels showing reduction with no AC (blue) and are therefore shown superimposed on top of the no AC map. B. Voxel based morphometry volume reductions in PSP-S were apparent in gray matter areas including the paracingulate cortex, supplementary motor area, and precuneus; and white matter areas including the mesothalamic junction and corona radiata. C. The 27 rMT-ICN regions shown for anatomical correspondence with functional and structural deficits. AC: atrophy correction. GM: gray matter. WM: white matter. Colorbars indicate t-statistic range. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) disease-specificity of FC changes. The patient-only model, showed a significant reduction in module 1-module 3 connectivity (PSP-only mixed model main effect of time, t = − 3.33 without AC/− 3.34 with AC, FDR corrected p < 0.05, Fig. 2) , indicating progressive disconnection between a posterior cortical and a subcortical/brainstem module that remained intact at baseline. However, the combined twogroup model of intermodular FC decline only found a trend for module 1-module 3 6-month decline (t = 2.04/2.04, p = 0.04, effect size = 0.50), suggesting that FC change would not be a sufficient biomarker for disease diagnosis. The FC declines for the other modular intra/interconnections were less discriminative (module 1-module 1: effect size d = 0.22; 1-2: d = 0.04; 2-2: d = 0.09; 2-3: d = 0.31; 3-3: d = 0.01). In the PSP-only model, a probe of edge-wise contributions to module 1-module 3 uncoupling revealed significantly reduced FC between right pMCC-right MTJ (t = − 3.97/−4.15, FDR corrected p < 0.05). Thus the progressive intermodular disconnection and progressive isolation of the subcortical/brainstem module was driven primarily by reduced connectivity between the MTJ and pMCC. When assessing voxelwise whole brain degree, we found no evidence of accelerated longitudinal changes in PSP with respect to control subjects.
We next assessed whether steeper rates of longitudinal atrophy were present in the patients with PSP-S in comparison to healthy controls, despite variable rates of clinical progression. Compared with the rates of regional gray and white matter volume loss in controls, patients with PSP-S showed greater longitudinal atrophy in perirolandic cortex and the underlying white matter, concentrated in the precentral gyrus ( Fig. 4B; height p < 0.001/extent p < 0.05 FWE; mean effect size = 1.41; Table S3 ). Subcortically, progressive atrophy was concentrated in the midbrain and pallidum.
PSP-S clinical worsening accompanies distributed frontal cortical network isolation
An alternative strategy for monitoring disease-related brain change is to examine changes that correlate with clinical severity, rather than changes that occur regardless of clinical progression. We investigated this by looking at two different imaging-clinical relationships: 1) longitudinal brain changes that correlate with the level of baseline clinical severity and 2) longitudinal brain changes that correlate with the degree of longitudinal clinical worsening. We first examined FCclinical relationships in the rMT network using a longitudinal linear mixed effects model. Elevated baseline PSPRS predicted subsequent decoupling between Module 1-Module 2 (t = 3.46/3.86, FDR corrected p < 0.05). PSPRS longitudinal increases were correlated with decreasing connectivity within Module 2 (t = − 3.00/−2.45, FDR corrected p < 0.05). We did not find a significant relationship between baseline levels of FC deficit and subsequent PSPRS change. We also found no significant relationships between voxelwise whole brain degree maps and PSPRS baseline, change, or the baseline x change interaction.
In patients with higher baseline PSPRS, we observed greater subsequent longitudinal gray matter atrophy in the perirolandic cortex, supplementary motor area, midcingulate cortex, precuneus, thalamus, and midbrain, (Fig. 5 , red-yellow; height p < 0.001/extent p < 0.05 FWE; Table S4 ). White matter correlations were present in the corona radiata, superior longitudinal fasciculus, and superior cerebellar peduncle ( Fig. 5, blue; height p < 0.001/extent p < 0.05 FWE; Table  S4 ). No correlations between VBM change and PSPRS change were detected, nor did we find a relationship between baseline levels of structural atrophy and subsequent PSPRS change.
Discussion
Here we report that, over 6 months, patients with mild to moderate PSP-S show progressive atrophy and loss of functional connectivity, extending beyond deficits present at baseline. At baseline, FC was broadly reduced in regions comprising the rMT network. The most severe deficits were in hub regions linking the subcortical-brainstem and prefrontal-paralimbic modules. Baseline structural atrophy involved overlapping brainstem, subcortical, frontal, and parietal areas. Longitudinally, patients showed the most severe FC declines between the subcortical-brainstem module and the medial parietal module. Group-wide longitudinal structural atrophy was found in the midbrain, pallidum, perirolandic cortex, and superior cerebellar peduncle, and was steeper in patients at a more advanced clinical stage.
Baseline functional connectivity deficits in PSP-S target rMT network hubs
Functional disconnection of brainstem, subcortical, and cortical functional modules results in isolation of these networks from one another. We characterized the functional network modularity of the rMTanchored network in healthy controls and identified 3 modules: a medial parietal module (Module 1, anchored by the posterior midcingulate cortex), a prefrontal-paralimbic module (Module 2, anchored by the anterior paracingulate cortex), and a subcortical-brainstem module (Module 3, anchored by the basal ganglia and thalamus). A previous study had found PSP-S FC reductions in all 3 of these modules, most prominently in regions which we now identify as the prefrontalparalimbic module (Gardner et al., 2013) . In the current study, patients at baseline showed most impairment within and between Modules 2 and 3, with the strongest effects concentrated in hub nodes in the paracingulate cortex and basal ganglia. Graph theoretical analysis of this network in healthy controls revealed that the Module 2-Module 3 connections via the basal ganglia were the primary subcortical-frontal lobe interface. Patients with PSP-S typically have deficits in motor and cognitive inhibition, dependent on common circuitry in a control network including the subthalamic nucleus, pallidum, striatum, inferior frontal gyrus, preSMA, and dorsolateral prefrontal cortex (Aron and Poldrack, 2006; Jahanshahi et al., 2015) . Impaired FC in these regions likely reflects degradation of this system and disrupts inhibitory control in PSP-S. Fig. 4 . Group-level longitudinal atrophy in PSP-S with respect to healthy controls. A. Longitudinal atrophy compared to controls was identified in the perirolandic gray and white matter, pallidum, and midbrain. GM: gray matter. WM: white matter. Colorbars indicate t-statistic range.
Functional connectivity levels at baseline do not predict subsequent clinical change
The framework we used in this study to assess longitudinal brain change with respect to clinical change specified four types of brainclinical relationship: 1) biomarker change anticipating clinical change, 2) biomarker and clinical change progressing in locked step, 3) clinical change anticipating biomarker change, and 4) biomarker change independent of clinical change (Table 2) . We did not detect any baseline biomarker levels that anticipated clinical change, addressing our study's open question about the relationship between baseline clinical status and subsequent longitudinal neuroimaging. The evaluation of functional neuroimaging biomarkers is most mature in Alzheimer's Disease, where evidence suggests that task-free fMRI connectivity abnormalities appear in cognitively normal at-risk individuals who do not yet have amyloid deposition (Jones et al., 2016; Machulda et al., 2011; Sheline et al., 2010) , structural atrophy, or cognitive impairment . Longitudinal fMRI studies in AD have detected progressive decline in functional connectivity in subsystems of the default mode network and accompanying cognitive declines (Damoiseaux et al., 2012) . To date, however, no tight link has yet been demonstrated between baseline tf-fMRI connectivity impairments and near-term subsequent cognitive decline in a within-subject longitudinal study. Given that all patients in this study were symptomatic at baseline and that the strongest detected effects were correlations between clinical severity (PSPRS baseline/change) and FC change, it is possible that the most substantial FC changes may occur before the onset of symptoms and that the inter-subject variations in baseline FC level are less sensitive to subsequent clinical decline than are within-subject FC longitudinal changes. Longer-term follow-up studies are needed to address this important possibility.
Frontal functional connectivity reductions relate to clinical impairment
Longitudinal FC declines were correlated with simultaneous PSPRS change, regardless of disease stage at baseline. Within the rMT network, declines in intra-Module 2 functional connectivity were coupled with worsening PSPRS. Module 2 was the most extensive, encompassing subnetworks corresponding to multiple ICNs including the executive control, salience, and anterior default mode networks. The PSPRS primarily scores motor functioning, raising the question of why PSPRS worsening would correlate with decreases in Module 2 functional connectivity, a network that may appear primarily "cognitive". However, frontal lobe dysfunction can result in co-incident executive and motor impairments, particularly gait disturbances and falls (Segev-Jacubovski et al., 2011 ) (Leisman et al., 2016 . The multi-network, distributed nature of this module makes it more likely that FC loss will be protracted across disease stages.
Patients in this study showed deficits in executive functions at baseline, including working memory (digit span), processing speed (trails), and verbal fluency (Boston naming test, letter fluency, semantic fluency). The primary system supporting these processes is the frontoparietal executive control network (Hedden and Gabrieli, 2010; Seeley et al., 2007) . The dorsolateral prefrontal portion of the executive control network is a working memory locus (Levy and Goldman-Rakic, 2000) , represented by the middle frontal gyrus node in this study. Here we found that the left and right MFG had impaired FC at baseline. A complementary node of the executive control network in the dorsal medial frontal cortex is critical for response selection (Simmonds et al., 2008) , represented here by the paracingulate and ACC nodes. These nodes were also the main cortical interface to the "basal ganglia" node which covered the caudate and anterior putamen, both of which are known to participate in fronto-parietal control/attention systems (Choi et al., 2012; Greene et al., 2014) . Coincidentally, apathy is associated with impaired communication between the prefrontal cortex and basal ganglia (Levy and Dubois, 2006) . Apathy is the most consistent neuropsychiatric symptom in PSP-S, appearing in up to 91% of subjects (Bruns and Josephs, 2013; Litvan et al., 1996) , and routinely accompanies executive deficits in neurodegenerative disease (McPherson et al., 2002) . In PSP-S, more severe apathy correlates with reduced integrity in frontal white matter pathways including the superior longitudinal and uncinate fasciculi (Agosta et al., 2014) , both of which show atrophy at baseline in the current study. Thus, both the baseline cognitive/behavioral symptoms and clinical progression observed in this study can be linked to the deficits in frontal lobe (ie Module 2) connectivity. Baseline clinical severity predicted subsequent decoupling between Module 1 (precuneus) and Module 2 (anterior cingulate), a connection that was already impaired at baseline. Greater baseline severity also correlated with higher subsequent rates of atrophy in the perirolandic cortex, supplementary motor area, midcingulate cortex, precuneus, thalamus, and midbrain (Fig. 5) . A higher rate of decline in more clinically impaired patients indicates a non-linear rate of biomarker change that accelerates as the disease progresses . The strongest PSPRS-biomarker correlations involved atrophy and rMT connectivity, both of which included earlier stage regions (subcortical and prefrontal) and later stage regions (posterior frontal and parietal). This may be evidence for staggered progression, where the most vulnerable early-stage regions continue to decline while late-stage regions begin to accelerate their decline.
Longitudinal atrophy and functional connectivity loss appear along a midbrain-to-posterior cortical pathway regardless of clinical progression
Longitudinal declines independent of clinical severity or progression also occurred in patients with PSP-S. Group-wide FC declines were observed between Module 1 and Module 3 (Fig. 2) . The decline of FC between networks showing no significant baseline impairments supports a staged process of disease progression, validating our study's primary hypothesis. Importantly, this change was not significant in the combined model with PSP-S and controls, only appearing as a trend (t = 2.04, p = 0.04). This may be due to the limited sample size in this study and needs to be followed up on in a larger future study. Simultaneous atrophy was detected in perirolandic cortex, midbrain, and pallidum. This posterior frontal atrophy and declining parietal FC is reminiscent of stages 2 and 3 of tau pathology observed post-mortem (Williams et al., 2007) , the stages that might be expected in the mild-to-moderate severity cohort we studied. The connections that weakened most were between the mesothalamic junction and posterior midcingulate cortex. The posterior midcingulate cortex contains motor areas which participate in skeletomotor responses via convergent projections with the primary motor cortex to the striatum (Vogt et al., 2003) . The collective picture that emerges is an earlier stage of subcortical-frontal cortical disturbance and subsequent disease progression along a subcortical-posterior cortical axis. Dutt and colleagues recently reported a similar pattern of baseline subcorticalfrontal atrophy in patients with PSP-S and subsequent longitudinal atrophy over one year in subcortical and posterior cortical areas (Dutt et al., 2016) . Patients with PSP-S are known to exhibit an executive prodrome involving mental rigidity, multitasking deficits, and apathy, with motor symptoms manifesting soon thereafter (Kertesz and McMonagle, 2010) . The baseline executive deficits in our cohort did indeed accompany impaired baseline connectivity and atrophy concentrated in Module 2 and 3. What remains unclear is why longitudinal intra-Module 2 FC reductions were correlated with simultaneous clinical worsening on the PSPRS, while Module 1-Module 3 FC reductions were not. One possibility is that among rMT network nodes, Module 2 FC is most tightly linked to functions measured by the PSPRS, given that all of the significant rMT FC/clinical correlations found in this study involved Module 2. We did observe longitudinal atrophy in the midbrain, an area that showed baseline FC deficits in the rMT network. However, other later stage regions like the perirolandic cortex showed longitudinal atrophy without baseline FC deficits. One limitation of the rMT network is its lack of posterior frontal nodes where longitudinal atrophy was most pronounced. On the other hand, given that WBD did not detect any significant group-wide FC declines in patients, it may be too coarse of a measure to capture subtle network-specific FC deficits that precede structural atrophy. Future studies should consider examining FC in a sensory-motor network in addition to those ICNs covered by the rMT network here. 4.6. The role of functional connectivity and structural atrophy as biomarkers in a clinical trial
In clinical trials for PSP, Tideglusib was found to slow rates of atrophy in the whole brain, particularly the parietal and occipital lobes, despite no slowing of clinical progression . Other clinical trials have also failed to slow clinical worsening (Boxer et al., 2014) . Based on the findings in this study, we suggest the following considerations for a PSP clinical trial with FC and structural atrophy as outcome measures. First, patients with mild-to-moderate PSPRS scores already showed widespread structural atrophy and reduced FC in subcortical, frontal, and parietal areas.
Second, later stage patients showed steeper rates of atrophy and rMT FC decline in certain regions, while no regions showed higher rates of decline in earlier stage patients. Thus, these atrophy and FC measurements may be more effective as later-stage biomarkers, when rates of change appear to be higher. Third, patients showed variable rates of clinical progression that were locked with simultaneous FC decline and atrophy, primarily in prefrontal-paralimbic regions. Fourth, Module 2 is likely to show the greatest clinical sensitivity across disease stages, based on a) the Module 2 FC correlations with both PSPRS baseline and change, b) baseline FC deficits in the MFG, paracingulate, and basal ganglia, c) the known executive prodrome in PSP-S, and d) the greater to signal-to-noise ratio of the fMRI BOLD signal in cortical versus brainstem regions (Beissner et al., 2014) . Finally, FC levels must be considered in the context of patient medications for motor and behavioral symptoms; in particular, levodopa has previously been shown to increase tf-fMRI connectivity levels in patients with Parkinson's disease and healthy controls (Cole et al., 2013; Simioni et al., 2017) and may partially diminish differences between patients and controls, including those in this study. We limited our effect size calculations to those biomarkers that showed significantly different rates of change in patients and controls, or at least a significant effect of change in patients. Overall, in this sample of patients with mild-to-moderate clinical severity, structural atrophy measurement in the midbrain, pallidum, and perirolandic cortex was most effective for detecting disease-related change. Future studies of very early stage patients with PSP or even healthy subjects at genetic risk for PSP based on a MAPT H1 haplotype (Fogel et al., 2014) and a risk profile based on known risk alleles could monitor FC in vulnerable subcortical and frontal networks to establish the original FC alterations that mark disease onset and evaluate their efficacy as early-stage biomarkers.
